Objective: The aim of this study was to develop and validate a comorbidity index to predict the risk of mortality associated with chronic health conditions following a traumatic injury. Summary Background Data: Currently available comorbidity adjustment tools do not account for certain chronic conditions, which may influence outcome following traumatic injury or they have not been fully validated for trauma. Controlling for comorbidity in trauma patients is becoming increasingly important as the population ages and elderly patients are more active, as well as to adjust for bias in trauma mortality studies. Methods: Cohort study using data from the National Study on the Costs and Outcome of Trauma. Subject pool (N ϭ 4644/Weighted Number ϭ 14,069) was randomly divided in half; the first half of subjects was used to derive the risk scale, the second to validate the instrument. To construct the Mortality Risk Score for Trauma (MoRT), univariate analysis and odds ratios were performed to determine relative risk of mortality at hospital discharge comparing those persons with a comorbid condition to those without. Conditions significantly associated with mortality (P Ͻ 0.05) were included in the multivariate model. The variables in the final model were used to build the MoRT. The predictive ability of the MoRT and the Charlson Comorbidity Index (CCI) for discharge and 1-year mortality were estimated using the c-statistic in the validation sample. Results: Six comorbidity factors were independently associated with the risk of mortality and formed the basis for the MoRT: severe liver disease, myocardial infarction, cerebrovascular disease, cardiac arrhythmias, dementia, and depression. The MoRT had a similar overall discrimination as the CCI for mortality at hospital discharge in injured adults (c-statistic: 0.56 vs. 0.56) although neither by itself performed well. The addition of age and gender improved the predictive ability of the MoRT (0.59; 95% CI: 0.56, 0.62) and the CCI (0.59; 0.56, 0.62). Similar results were seen at 1-year postinjury. The further addition of Injury Severity Score significantly improved the predictive ability of the MoRT (0.77, 95% CI: 0.74, 0.79) and the CCI (0.77, 95% CI: 0.75, 0.80). Conclusions: The MoRTs primary advantage over current instruments is its parsimony, containing only 6 items. In the present study, the comorbid conditions found to be predictive of mortality had some overlap with the CCI, but this study identified 2 novel predictors: cardiac arrhythmias and depression. Inclusion and reporting of these items within trauma registries would therefore be an important step to allow further validation and use of the MoRT.
T he issue of comorbidity in traumatic injury is becoming increasingly important with the "graying" of the population, as in the United States, approximately 80% of all persons aged Ն65 years have at least 1 chronic condition, and 50% have at least 2. 1 The age-adjusted prevalence of diabetes, which increased 43% in the United States during 1997-2005 from 3.7% to 5.3%, 2 is a clear example of the potential synergy of preexisting health conditions in traumatic injury. There is an association between diabetes and risk for injury and an association between glucose regulation and outcome, including mortality following injury. [3] [4] [5] [6] Additionally in adults, resuscitation efforts following a traumatic injury are frequently made more complex because of the high incidence of comorbid conditions, such as diabetes and hypertension, which may affect the responsiveness and perfusion needs of the vasculature. The presence of comorbid health conditions may be associated with difficulty diagnosing new conditions or adverse responses to therapeutic interventions, 7 which may result in complications.
Trauma patients with certain comorbid health conditions have been shown to be at higher risk for development of secondary complications (eg, pneumonia), lengthened overall hospital stay, and increased mortality. 8, 9 In comparative effectiveness studies of trauma, it is therefore important to control for comorbidity to reduce the treatment bias resulting from conditions other than the injury itself 10 and to avoid inappropriate assignment of disease burden to injury. 11 Currently available comorbidity adjustment tools, such as the Charlson comorbidity index 12 (CCI), do not account for chronic conditions such as hypertension and obesity which may influence outcome following traumatic injury. These conditions are prevalent, with age adjusted rates of obesity of persons 20 to 74 years of age in the US population of 32% and 30% for hypertension in [2001] [2002] [2003] [2004] . 13 The CCI contains 17 conditions, uses a weight-based measure, and has been criticized for being somewhat dated as it was developed more than 20 years ago. 14, 15 Recent studies using the CCI in trauma populations are conflicting as to its utility for predicting mortality. 16 -19 More recently, the Elixhauser comorbidity score 20 containing 30 conditions has been used in studies of traumatic injury 20 -24 as it does contain commonly seen conditions such as acquired coagulopathy which may influence outcomes, but it has not been fully validated. It has been suggested that comorbidity indexes be individually tailored to the population under investigation. 25 Thus, the aim of this study was to develop and validate a comorbidity index to predict the risk of mortality associated with chronic health conditions following a traumatic injury, the Mortality Risk Score for Trauma (MoRT), using the CCI as the standard for validation.
METHODS
The current study is a cohort study using data from the National Study on the Costs and Outcomes of Trauma (NSCOT), a multicenter, prospective cohort study of outcomes following traumatic injury conducted in 14 states in the United States. 26 The study protocol was approved by the institutional review boards at all participating centers. Patients were eligible for NSCOT if they were between 18 and 84 years of age, arrived alive at a participating hospital, and had at least 1 injury of 3 or higher on the Abbreviated Injury Scale (N ϭ 18, 198) . A detailed description of the enrollment and data collection procedures has been published previously. 26, 27 In brief, using a quota sampling strategy, a group of patients who were discharged alive (n ϭ 8021) were selected for postinjury follow-up interviews and all patients who died in hospital (n ϭ 1438) were included in the sample. This was used to enroll adequate numbers of patients across age groups and to ensure even distribution across hospital type (trauma/nontrauma center) and by severity and principal body region injured. To correctly represent the population, this sampling strategy required data to be weighted according to the population of eligible patients 28, 29 because (a) only a sample of patients who were discharged alive was selected whereas all patients who died in-hospital were included and (b) not all selected patients were enrolled. The weights consisted of the reciprocal product of the probability of being selected for the study and the probability of being enrolled and having complete data given selection. The actual number of subjects (n) and the weighted number (wn) are presented for all analyses.
Subjects for the current study were identified from the NSCOT dataset and defined as patients who survived Ͼ24 hours postinjury to allow for the most complete information on comorbid health conditions (n ϭ 4644/wn ϭ 14069). The subject pool was randomly divided in half; the first half of subjects were used to derive the MoRT (n ϭ 2322/wn ϭ 7205), the second to validate the instrument (n ϭ 2322/wn ϭ 6864).
Injury Severity Score (ISS) was derived from individual anatomic injury severity scores and is a measure of the overall severity of multiple trauma and is scored on a scale of 1 (least severe) to 75 (most severe). 30, 31 Comorbid health conditions within the NSCOT were collected using 3 methods in the parent study. (1) Data were abstracted from the medical record by trained research nurses on pre-existing conditions recorded in the medical record of the index hospitalization; (2) the CCI 12 for preinjury conditions was included in the 3-month interview, which was expanded to include comorbidities not included in the original CCI but that have been shown to correlate with mortality in trauma patients (eg, coagulopathy, obesity), [32] [33] [34] [35] and (3) for adults aged 65 years and older, inpatient and outpatient Medicare claims were obtained for at least 6 months prior to injury to identify pre-existing conditions. 27 Scores on the CCI range from 0 to 31, with a score greater than 5 being severe. 10, 12 For the purposes of this study, we began with a list of 41 pre-existing conditions that were derived from 3 commonly used instruments in the trauma and comorbidity literature: the CCI, the Elixhauser score, and the APACHE II (Tabular listings and descriptors of the conditions found in the 3 instruments can be found in Ho et al 36 ) .
The primary outcome used to develop the mortality risk score was death from any cause at time of hospital discharge. No treatment-related variables were included in the analyses. Death at 1-year post injury was a secondary outcome of interest. Deaths from any cause, after discharge were documented either by proxy interview or through the National Death Index. 37
Statistical Analysis
Frequencies of comorbid conditions as dichotomous variables were examined in the total population sample. Only conditions with a prevalence of Ն1% in the total population were included in further analyses. The study population of 4644 (wn ϭ 14,069) were then randomly divided in half. This allowed us to build the models in the derivation sample and test in the validation sample. Baseline characteristics of patients in the derivation and validation samples were compared using student t test for continuous variables and 2 tests for categorical variables.
To construct the MoRT, for each chronic health condition, first univariate analysis was conducted and odds ratios performed to determine relative risk of mortality at hospital discharge comparing those persons with a comorbid condition to those without. Only those conditions that were significantly associated with mortality (P Ͻ 0.05) were included in the multivariate model. Using multivariate logistic regression, a second model was developed that also included age (categorically in decades) and gender, as potential confounders as they are well established in the literature. In a third multivariate model, we evaluated the influence on mortality of specific combinations of comorbid conditions determined a priori. We examined the influence of any cardiac disease (myocardial infarction, congestive heart failure, valvular heart disease, or coronary artery disease) occurring together. We also examined the influence of any cardiac disease (vide supra) and each of the following diseases: cerebrovascular disease, chronic pulmonary disease, severe liver disease, diabetes, and renal disease. We examined the interaction of dementia with each of the comorbidities listed above based on the literature and our prior work 38 as well as the interaction of age with each of these conditions. The variables in the final multivariate model were then used to build the MoRT. Using the coefficients from the final multivariate logistic regression model, weights were assigned to each variable. To convert the coefficient into an integer weight, the coefficient was multiplied by 3 and then rounded to the nearest integer. A final model was developed, which also included age, gender, and ISS as potential confounders.
The second half of the data was then used to estimate the predictive ability of the MoRT. Comparison of the predictive ability of the new instrument, the MoRT, was compared with the standard CCI for mortality at hospital discharge and 1-year postinjury using change in the area under the receiver-operating characteristic (c-statistic) for each instrument. About 95% confidence intervals were also calculated. 39 Statistical analyses were performed using SAS 9.2 (SAS Institute, Cary, NC) and Stata 10 (StataCorp, College Station, TX).
RESULTS
The demographic characteristics of the subjects in the derivation and validation samples were similar on all characteristics except maximum Face anatomic injury severity ( Table 1 ). The mean age of the sample was 43 years old, were predominantly male, and had a mean ISS of about 17, indicating a moderate injury. The primary mechanism of injury for subjects was motor vehicle collision (Ͼ45%). In-hospital mortality was similar in the derivation and validation samples (4.5% vs. 5.5%).
About 28 conditions had an overall prevalence of Ն1% ( Table 2 ). The most prevalent conditions in the sample were hypertension (20.1%), alcohol abuse (17.3%), chronic pulmonary disease (8.9%), diabetes (6.1%), and depression (5.2%). In the sample, only 2.6% of subjects had 2 or more comorbid conditions. We ran crosstabs on the 6 parameters to evaluate frequency of comorbid condition coexistence and in no case did the prevalence of exceed 1% (range, 0.02%-0.52%) therefore it was deemed noncontributory.
Nine factors were individually significantly associated with the risk of mortality at hospital discharge postinjury and included several cardiac related diseases: prior myocardial infarction, cardiac arrhythmias, hypertension, and coronary artery disease ( Table 3) .
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Nervous system and psychiatric diseases included cerebrovascular disease, dementia, and depression. Six factors were independently associated with the risk of mortality and formed the basis for the MoRT (Table 4 ). Of these 6, a single factor, depression, was protective whereas the remaining 5 were associated with increased risk of mortality. The performance of the MoRT with 6 conditions in comparison to the CCI with 17 conditions is shown in Table 5 . The range of the CCI scores in the validation sample was 0 to 11, whereas the MoRT ranged Ϫ4 to 8. Both scales demonstrated a right skew in the median score. The MoRT had a similar overall discrimination to the CCI for in-hospital mortality ( Table 5 ). Adding age and gender improved the ability of both models to discriminate although this was not statistically significant (P Ն 0.05). At 1-year postinjury, the CCI was better at detecting risk of mortality than the MoRT (0.64 vs. 0.58), but this discriminatory advantage was eliminated once gender and age were added to the model ( Table 5 ). The further addition of ISS significantly improved the predictive ability of the MoRT (0.77, 95% CI: 0.74, 0.79) and the CCI (0.77, 95% CI: 0.75, 0.80) for in-hospital mortality ( Table 5) . A similar predictive ability was seen with this model (injury, age, gender, and comorbidity) for both in-hospital and 1-year postinjury in contrast to other models which did not include injury.
In an exploratory analysis, the effect of being on treatment for depression was examined. About 66% of those with comorbid depression in the sample were receiving antidepressant therapy at the time of injury. The odds of death in-hospital for depressed persons on an antidepressant were 0.29 (0.09, 0.90; P ϭ 0.03) whereas the odds of death for those not on antidepressant were 0.25 (0.06, 1.06). 
DISCUSSION
We compared the predictive ability of a tailored comorbidity index for trauma, the MoRT to the CCI on mortality at 2 different time points. We found that although individual comorbidities are prevalent and related to in-hospital mortality, comorbidity alone had a limited ability to distinguish between being alive or dead at discharge; ie, use of the indices for prediction of mortality at discharge was not much better than chance alone (0.5). Only the models that included injury severity (ISS) reached an acceptable level for predictive ability (0.7-0.8 per Hosmer and Lemeshow 40 ). The present finding for the predictive ability of the CCI at hospital discharge in a US population is similar to those previously reported from Australia (0.57, 95% CI: 0.54 -0.61). 18 At 1-year postinjury, the predictive ability of the models improved, suggesting that comorbidity alone contributes more substantively to mortality in the postacute phase and this time period offers an opportunity for improvement in care in these patients.
The MoRT was able to discriminate as well as the CCI for both hospital discharge and 1-year postinjury mortality and with only 6 factors compared with the CCI's 17. The main advantage of the MoRT is its parsimony. Chart review is expensive and time consuming, 41 and in populations such as trauma where it is difficult to obtain history prospectively, the use of only 6 conditions could be of particular benefit for both research and clinical applications.
Future predictive models should include gender, age (in decades), and ISS, as these significantly improved the performance of both the CCI and the MoRT, and these variables are easily discernable at admission and do not substantively increase data collection burden.
The weights in the MoRT are different for those conditions appearing in the CCI, likely reflecting the differences in the populations that each was developed in (medical inpatient vs. trauma). In comparing the CCI and MoRT, differential weighting is seen for severe liver disease and myocardial infarction. In the CCI, the lowest weight is given for MI (a base score of 1) whereas in the MoRT, a weight of 3 is given (or 1.5 ϫ the base weight score). This difference is opposite in the case of severe liver disease, where the CCI provides a weight of 3 (or 3 times the base weight, whereas the MoRT provides a weight of 5 or 2.5 times the base weight. These prognostic differences are likely because of either differences in prevalence of the conditions in trauma patients versus medical patients or differential effects on hospital versus 1-year mortality. 25, 39 Both comorbidity indices had better predictive ability for mortality at 1-year. Previous studies in patients post-coronary artery bypass graft surgery have also found that the effect of comorbidity on postdischarge survival is also greater than in-hospital and may reflect the low prevalence of some conditions. 25 In the present study, the comorbid conditions found to be predictive of mortality had some overlap with those found in the CCI, but there were 2 conditions identified which are novel predictors. Cardiac arrhythmias were found to be associated with increased risk of death, and depression was found to be protective. Although the MoRT includes cardiac arrhythmia, it does not include use of blood thinners/coagulopathy. As warfarin is usual treatment for patients with atrial fibrillation, which is a frequently occurring cardiac arrhythmia, it would have been expected to be correlated. However, we did not distinguish between cardiac arrhythmias and this is an area for further work. Additionally, in persons with acquired coagulopathy, the odds of death at hospital discharge were 2.4 times higher than those persons without the condition at time of injury although this was not significant. We do not have specific information on the measured anticoagulation status of the individuals, which has been shown to be predictive of mortality whereas self-report or administrative data may not. 9, 42, 43 Other reasons for acquired coagulopathy not entering the final model include a relatively low prevalence of this condition (1.1%) in the sample and our conservative method of modeling, which included entering conditions only when there was a significant univariate relationship. Recent revisions to the Centers for Disease Control field guidelines for injury triage have maintained decision criteria for patients with anticoagulation and bleeding disorders because of their increased risk of mortality. 33 Another reason in the present study for finding no relationship between acquired coagulopathy and in-hospital mortality may have been our decision to exclude early deaths from the current study. Lastly, contrary to previous studies which found hypertension to be protective, 44, 45 we found pre-existing hypertension to be associated with a slightly increased odds (1.4) of death at hospital discharge. Previous studies have suggested that the protective effect of hypertension seen may be related to the effect of beta-blocker use within their samples; however as those studies did not directly address that issue, our study suggests that incomplete modeling of the involved variables (residual confounding) may actually be responsible for the results seen and further work is required to clarify this issue. The relationship between preexisting depression and disability following injury has been previously established. 46 -48 However, the finding in the present study that comorbid depression was protective was not expected. Although a protective effect cannot be ruled out, another possible explanation is bias against documenting in the medical record the diagnosis of depression in patients who died in-hospital. We further note that the present findings were not related to current treatment for depression, so this condition is not appearing to serve as a proxy for variables such as insurance status or preinjury health care not entered into the model. No data on adherence to or efficacy of prescribed antidepressant treatment are available, nor did we have data on DSM supported diagnosis or the severity of depression which may also be of importance in further understanding this relationship. In a population-based study in Canada, injured persons had a mental health claim rate in the year prior to injury 3.5 times higher than that of noninjured persons, with the majority of these claims being for conditions such as depression or anxiety. 11 Of those injured in that sample, more than 85% suffered only minor injury (ISS, 1-8), although no data were specifically provided on the relationship between preexisting depression and severity of injury. Further work is needed to understand the relationship between preexisting depression, level of injury, and mortality to understand whether injury-related or treatment-related variables are mediating this effect.
A previously identified issue with the CCI has been right skew in the distribution with relatively low median scores. 10 This also occurred with the MoRT, despite restricting to conditions with Ͼ1% prevalence in the sample. In addition, the conditions that the MoRT identifies as predictive of mortality are also those that are increasingly prevalent with age eg, dementia, myocardial infarction, cardiac arrhythmias, and cerebrovascular disease. Trauma remains a young person's disease, so the right skew in the comorbidity scores seen in this study is not wholly unexpected. Although the parent NSCOT study did not include persons over 85 in whom conditions like dementia are more prevalent, the present study restricted prediction of mortality to those persons Ͻ85 so this was not a factor in the predictive ability of the comorbidity indices alone. In fact, the prevalence rates reported for comorbid conditions in the CCI in the present report are similar to those reported in a recent study of injured persons 65 and older in Italy. 19 Our a priori decision to evaluate the combined association of dementia with other comorbid conditions was primarily based on our prior traumatic brain injury work and was exploratory within the context of all-cause trauma. However, no additional interaction effects were seen between any comorbidity combinations tested and were noncontributory in the final model.
The use of split halves allowed for improved validity by reduced bias, and reducing model potential over-fitting. In addition, the NSCOT is a large, multicenter study which improves the generalizability of the findings to the larger US population. Although we would have preferred to have validated the MoRT in a separate dataset, this was not possible. We attempted to use the National Trauma Data Bank (NTDB) research dataset for validation purposes, but neither cardiac arrhythmia nor depression are specifically measured within the NTDB currently. Ultimate verification of the MoRT and its predictive utility will require testing it with an independent dataset, preferably one such as the NTDB with multiple data sources and all ages, including the "oldest old" represented.
Other limitations of the current study include the exclusion of other case-mix variables from our prediction models. Recent robust predictive models have been based on both injury-related factors and socioeconomic and demographic factors. 18, 49, 50 However, the point of the MoRT was to develop an injury-specific comorbidity index and to compare it to the CCI. Future case-mix studies using the MoRT could build additional predictive models to include variables such as socioeconomic status and preinjury functioning.
The inclusion of subjects who survived greater than 24 hours postinjury may have resulted in some loss of patients who die as a result of an interaction between comorbid health conditions and injury severity. However, information on comorbidity in these patients is likely to have had incomplete or missing documentation, therefore any analysis that included these patients would likely have underestimated this effect.
CONCLUSIONS
The MoRTs primary advantage over current instruments is its parsimony, containing only 6 items compared with the CCI. In the present study, the comorbid conditions found to be predictive of mortality had some overlap with the CCI, but this study identified 2 novel predictors: cardiac arrhythmias and depression. Inclusion and reporting of these items within trauma registries would therefore be an important step to allow further validation and use of the MoRT.
